Magnesium pyrophosphate gel (Mg-PPi), previously employed for the purification of animal viruses and bacteriophages, was used for the purification of plant viruses with filamentous and isometric particles. The viruses studied were turnip yellow mosaic, two strains of tomato bushy stunt and tobacco mosaic virus. Ultracentrifugal analysis of the purified products obtained indicated a high degree of purification. The infectivity of the preparation of the viruses was not altered by the chromatographic method. Intact were separated from empty isometric virus particles. Tobacco mosaic virus particles were separated according to their length and molecular weight.
INTRODUCTION
Plant virus particles can be purified from plant cells in various ways (Steere, I959) , such as by salt precipitation (Stanley, I94O), organic solvents (Steere, 1956) , isoelectric precipitation (Commoner et al. I95O) , differential centrifugation (Williams & Backus, I949) , electrophoresis (Lauffer & Price, 1947) and density gradient centrifugation (Brakke, I96O). Chromatographic methods on ion exchange resins (von Tavel, 1959) and gel filtration on granulated agar (Steere & Ackers, 1962) have also been employed. Such methods, while yielding virus preparations in a state of purity adequate for physico-chemical studies, are very time-consuming. A procedure with a new chromatographic adsorbent, magnesium pyrophosphate gel (Schito & Pesce, 1965) , was recently employed for the rapid purification of bacterial viruses (Schito, 1966; Pesce, Schito & Calegari, 1966) . In the present communication we report the use of this method for the purification of several plant viruses.
METHODS
Viruses. The viruses used in this study were the isometric shaped viruses: turnip yellow mosaic virus (TYMV) grown in Brassica chinensis L.; tomato bushy stunt (TBSV) strain BS3 grown in Datura stramonium L. and petunia asteroid mosaic (PAMV) grown in Petunia hybrida (Lovisolo, I957); the filamentous virus tobacco mosaic (TMV), grown in Ni¢otiana tabaeum L. var. Sansum.
Preparation of crude plant sap. Three hundred g. of infected leaves were harvested, frozen and ground in a mortar. After thawing, 8 g. of sodium dihydrogen phosphate was added and the sap centrifuged at 35oo rev./min, for 2o rain. The supernatant fluid was dialysed overnight against o.ooi M-potassium phosphate buffer, pH 7"8. All the treatments were applied in a cold room or a refrigerated centrifuge at 4 °. Infectivity. The relative infectivity of the preparations was determined by locallesion assay and samples containing o.x to 0.6 g./ml, of virus in o.ot M-phosphate buffer, pH 7, were compared with crude sap as control. Local lesions were counted 3 to 5 days after the inoculation of usually 4o half-leaves.
Determination of adsorption capacity. To test the adsorptive capacity of Mg-PPi gels prepared at different temperatures, standard columns were prepared and saturated with a virus suspension. The unadsorbed virus was removed by washing with water and the adsorbed virus was eluted at room temperature. The eluate was estimated spectrophotometrically.
RESULTS

Chromatography of TYMV, TBSV and PAMV
Usually the standard column was prepared as described above and IOO ml. of crude sap then run in. The analysis of the sedimentation patterns of the charged crude sap and of that recovered after passing through the column indicated the loss of the component with a sedimentation constant characteristic of the virus and its selective adsorption to the gel. The other components of the crude sap, such as ribosomes, pigments etc. (Markham, I959), emerged from the column at concentrations comparable to those found in the crude juice. The pigments, the nudeotides and other components of low molecular weight present in the charged sap were not retained as indicated from the colour of the eluate, from the ultraviolet absorption band (Fig. I a) and from the lower sedimentation coefficient observed upon centrifugation. By analogy with other chromatographic techniques (Tiselius, I954) , and also by using a Mg-PPi gel (Schito, I966), an elution procedure was tested with a gradient of increasing molarity of phosphate buffer. After washing the column with water until an effluent with no ultraviolet absorption was obtained, solutions of higher molarity were passed through. The viruses were eluted with o-o5 M-phosphate buffer, pH 7"o (Fig. 2) . The material could be rechromatographed, when the yields were found to be complete for each of the viruses used. With PAMV and TYMV the relative infectivities of fractions containing the first and the second peaks was I ~o and 97 to IIO ~o compared with the infectivity of the crude sap. The second peak did not contain components with sedimentation constants typical of empty virus particles. eluate obtained with o.oI M-phosphate buffer. After washing the column until the effluent was completely transparent to ultraviolet, o'05 M, O-I2 M-and 2-o M-phosphate buffers, pH 7"8, were successively passed through (Fig. 3) . Ultraviolet absorption was observed in the eluates obtained with o'05 M-and o. r 2 M-phosphate. The first peak showed a maximum absorption at 27o and a minimum absorption at 249, indicating the presence of components with less RNA than TMV. The second peak had values characteristic of purified TMV (Markham, 1959) . The sedimentation constant obtained from the first peak (S~0 rlo--I2O) corresponded to a high concentration of components with molecular weights less than that of TMV and of unsedimentable material. Many virus fragments with lengths of approximately IOO nm. were observed by electron microscopy (Fig. 4a) . The elution product at o.I2i-phosphate buffer contained rod-like particles with lengths of 3oo (Williams & Steere, I951 ; Hall, 1958) and had two sedimentation components with S values of 181 and 212. However the heavier component disappeared after dialysis in o.oI M-EDTA, pH 7"8 (Steere, 1963) . The fraction eluted with o'o5 M-phosphate had no infectivity, while the fraction eluted in o-12 M-phosphate buffer contained 7o ~o of the infectivity of the crude sap. The efficiency of the column was measured by chromatography of a purified virus of known concentration. The efficiency of the chromatography of the crude sap could be evaluated from the area of the sedimentation peak. The recovery found was always about Ioo ~o (Schachman, I959). The temperature of preparation of the gel influenced the adsorptive capacity of the column. Standard columns were prepared with gels prepared at temperatures from o to 3 o°. The columns adsorbed most at a temperature of 16 ° (Fig. 5 ). Tests were also made with gels containing different proportions of magnesium chloride and sodium pyrophosphate. The maximum adsorption was obtained with a ratio of 2; IO (Fig. 6) . The presence of kieselguhr did not influence the capacity of the column. It was also possible by this method to concentrate diluted virus solutions by chromatography. The chromatography of TMV was performed by molarity gradient elution between 0"05 and 0.2 M-phosphate buffer, pH 7"8, instead of by step-wise elution (Fig. 7) . No abnormalities were observed on examining spectra of fractions containing absorbing materials. Analytical ultracentrifugation of the fractions showed an increase of sedimentation constant with increasing molarity of eluent. Electron microscopy showed that in the first part of the absorbing peak (the fraction shown in fig. 4b ) the lengths of the particles were < 300 nm. while in the On: Tue, 18 Dec 2018 11:50:12
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Io9 second part of the peak (cf. fig. 4c ) the particles had lengths of the order of 300 nm. and in the third part (cf. fig. 4d ), where the particles had lengths greater than 3o0 nm., aggregated particles were overwhelmingly present. 
DISCUSSION
Our experiments show that Mg-PPi gel is a very effective absorbing material for the purification of plant viruses, only one chromatographic elution normally sufficing to give highly purified preparations of the viruses. Moreover, the ionic strength of the phosphate buffer of the eluted material permits the immediate use of the product. The method is fast and obviates several centrifugation cycles, thus avoiding the problem of stress-induced degradation as well as degradation occurring during the manipulation (Francki, I966 ) . Chromatography of purified virus can be used for obtaining concentrated virus solutions (up to 8 mg./ml.) without loss of material and infectivity. The use of molarity gradient elution permitted the preparation of TMV fractions with a high proportion of particles 3oo nm. long. Preliminary experiments show that refractionation of the fraction containing the highest proportion of 3oo nm. particles (the particle size distribution of which is known and shown in Fig. 4c the process no increase in the proportion of short particles occurs. It may therefore be concluded that the small particles obtained in the chromatographic separation derive from the raw material and are not generated by breakdown of larger particles during the chromatography. It is interesting to note that, in view of the order of elution of the On: Tue, 18 Dec 2018 11:50:12
Purification of plant viruses ~ 1 I different lengths, the TMV fractionation is not based on gel-filtration effects (Steere, I963) which could have been expected to result in the elution of the largest particles in the first fractions. Moreover, electrostatic effects are also of secondary importance as high NaCI concentration of 0"5 to I M failed to elute the viruses. Fractionation on Mg-PPi probably depends upon the molecular dimensions for TMV protein aggregates which could be separated provided their molecular weight is not too low. The effects of temperature of gel formation and the ratio of the two salts used to make the gel on its subsequent adsorption capacity suggest that the capacity is related to the hydration of the Mg-PPi (Bassett, Bedwell & Hutchinson, I936) . The method may be of use in the separation of short particles present in living plant cells, always provided that the preparation of the extracts from the TMVinfected leaves is not too drastic. The low infectivity observed in the fraction containing a negligible proportion of particles of normal length is in agreement with the observations of Hulett & Loring 0965), who considered that short rods are not infective.
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